The pathogenesis of intervertebral disc degeneration is unclear, but it is a major cause of several spinal diseases. Animal models have historically provided an appropriate benchmark for understanding the human spine. However, there is little information about when intervertebral disc degeneration begins in the mouse or regarding the relationship between magnetic resonance imaging and histological findings. The aim for this study was to obtain information about age-related spontaneous intervertebral disc degeneration in the mouse lumbar spine using magnetic resonance imaging and a histological score regarding when the intervertebral disc degeneration started and how rapidly it progressed, as well as how our histological score detected the degeneration. The magnetic resonance imaging index yielded a moderate correlation with our Age-related model score. The Pfirrmann grade and magnetic resonance imaging index had moderate correlations with age. However, our Age-related model score had a high correlation with age. Intervertebral disc level was not a significant variable for the severity of disc degeneration. Both Pfirrmann grade and the Age-related model score were higher in the !14-month-old group than in the 6-month-old group. The present results indicated that mild but significant intervertebral disc degeneration occurred in 14-month-old mice, and the degree of degeneration progressed slowly, reaching a moderate to severe condition for 22-month-old mice. At least a 14-month follow-up is mandatory for evaluating spontaneous age-related mouse intervertebral disc degeneration. The histological classification score can precisely detect the gradual progression of age-related spontaneous intervertebral disc degeneration in the mouse lumbar spine, and is appropriate for evaluating it. ß 2017 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:224-232, 2018.
The pathogenesis of intervertebral disc (IVD) degeneration is unclear, but it is a major cause of several spinal diseases and has a great impact on quality of life. [1] [2] [3] A large percentage of the aging human population is afflicted with seemingly irreversible IVD degeneration: Approximately 40% of people less than 30 years old and upwards of 90% of people 55 years old or older are afflicted with moderate-to-severe levels of IVD degeneration in their lumbar spine. 4 Fundamental treatment is required; however, treatment is largely limited to symptomatic relief with nonsteroidal anti-inflammatories and surgical treatment, because the mechanisms of the degeneration are still not completely understood. 5 A general understanding of the causes of IVD degeneration is limited because of the difficult nature of obtaining and testing appropriate, live human material. 4 A likely step in accelerating research and forging breakthroughs in IVD degeneration and lower back pain may rely on the ability to identify more accurate animal models. 4 Animal models have historically provided an appropriate benchmark for understanding human IVD biology. 4 Among several animal models, [6] [7] [8] [9] [10] the mouse IVD needle puncture model has been developed. [11] [12] [13] However, IVD degeneration is not always caused by injury, and most patients show IVD degeneration without a history of low back injury, indicating that an age-related spontaneous animal IVD degeneration model is required for studying human IVD degeneration.
There have been several studies using an agerelated spontaneous IVD degeneration model in the mouse.
14-22 using magnetic resonance imaging (MRI) and/or histological classification. On the basis of MRI analysis, Marfia et al. 21 reported that IVDs in mice showed no sign of degeneration in an 18-month followup, indicating that mice IVDs do not degenerate for more than half of a mouse's lifespan. However, using a histological classification score for human IVD degeneration, 23 Boyd et al. 17 reported that IVD degeneration in mice started at 3 months of age and gradually progressed. Millecamps et al. 22 reported that IVD degeneration started at 6 months of age using their proposed histological score. Thus, there is little information about when IVD degeneration starts or about the relationship between MRI findings of degeneration and histological scores. In addition, an increasing number of studies are targeting IVD degeneration by genetic approaches. 1, [24] [25] [26] [27] [28] Based on an understanding of the IVD degeneration process of wild type (WT) mice and applying the age-related spontaneous IVD degeneration model to genetically modified mice, it will be clear when the IVD degeneration starts and how rapidly it progresses. To evaluate IVD degeneration, a histological classification applicable for genetically modified mice is needed.
The aim of this study was to obtain MRI and histological information about age-related spontaneous IVD degeneration in the mouse lumbar spine regarding when the IVD degeneration started and how rapidly it progressed, as well as how our proposed histological score detected the degeneration.
METHODS

Experimental Animals
All animal procedures in this study were conducted with the approval of the Institutional Animal Care and Use Committee of Hokkaido University (approval number: 13-0051). Moreover, all procedures were carried out in accordance with the approved guidelines. Inbred C57BL/6 mice were obtained from Sankyo Labo Service Corporation (Tokyo, Japan). 12 The mice were bred and housed under specific pathogen-free conditions at Hokkaido University Creative Research Institution Platform for Research on Biofunctional Molecules. 12 They were kept in cages at room temperature (23˚C AE 2˚C) and humidity of 50% AE 10% under standard laboratory conditions with a 12 h light/dark cycle. 12 They were allowed unrestricted cage activity and ad libitum access to food and water. 12 A standard laboratory diet, Labo MR Stock (Nosan Corporation, Yokohama, Japan), and sterilized tap water were provided as sources of food and water, respectively.
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Forty-nine C57BL/6 mice ranging in age from 6 months to !2-years were euthanized with an intraperitoneal injection of 5 mg of pentobarbital sodium, and all the lumbar IVDs (L1/2, L2/3, L3/4, L4/5, L5/6, and L6/S) were harvested. Midsagittal images of all lumbar IVDs were qualitatively analyzed using MRI to document the degenerative changes. 1, 12, 26, 29 More precisely, T2-weighed mid-sagittal images of the discs were qualitatively analyzed using a 7.0-T MR scanner (Varian Unity Inova; Varian Medical Systems, Palo Alto, CA). 1, 12, 26, 29 The degree of IVD was assessed with the Pfirrmann classification. 30 A quantitative analysis of the sagittal image slices was also performed using Analyze 10.0 software (AnalyzeDirect, Overland Park, KS), as reported previously. 1, 12, 26, 29 To quantify the alterations in the nucleus pulposus (NP), the MRI index (the product of the NP area and the average signal intensity) was used. 1, 12, 26, 29 To measure the MRI index, an image was enlarged to eight magnifications, the boundaries of the NP were traced, and the MRI index of the NP was measured. Since borderlines between the NP and AF in degenerated discs were indistinct, we referred to the notch in the ventral cortex of the spine where the disc was located and traced along the curved line of the endplate to find the NP (Fig. S-1 ). Normalization for variation of the signal intensity was performed against the signal intensity of the L6 vertebral bone or sacral bone. Accordingly, data were expressed as percentages of the results obtained from the L6 vertebral bone or sacral bone. We normalized the MRI intensity of the NP to the L6 vertebral bone or sacral bone, because the actual MRI indexes of those areas were approximately equal to that of the background in every case; this procedure could be used as a way to normalize the variation of signal intensity because of a function of the location within the coil. All image assessments were performed by two independent blind observers, and quantitative data were presented as the means of three evaluations.
Histological Analysis
After the MRI examinations, each IVD was fixed in 10% neutral buffered formalin solution for 48 h, followed by decalcification with 10% EDTA for 2-4 weeks, and paraffin embedding. 12, 26 Mid-sagittal sections were obtained and stained with safranin O-fast green. 12, 26 For the histological analysis, our previously proposed classification for the in vivo mouse IVD degeneration model induced by needle puncture was used to evaluate degeneration. 12 In addition, a classification was designed by modifying the classification 12 ( Fig. 1) . To classify the stage of NP condensation into three grades according to the severity, we decided as follows: Slight condensation, score 1; moderate condensation with obvious existence of fibrosis, score 2; severe condensation with destruction of the NP matrix and scattering of notochordal cells, and without replacement of fibrocartilaginous tissue, score 3. For each classification type, the maximum points represent severe degeneration. Moreover, we investigated the incidence rates of chondrification of the IVD and herniation of the NP with age. The disc height index (DHI) was measured as previously described. 31 All histological assessments were performed by two independent blind observers, and the quantitative data were presented as the means of three evaluations. Our internal studies of intra-/inter-rater reliability have shown excellent kappa statistics for all measures regarding MRI and histological examinations (0.77-1.0).
Number of Mice in Each Age Group and by Sex
The number of mice in each age group was as follows; 10 in the 6-month-old group, 11 in the 14-month-old group, 11 in the 18-month-old group, 12 in the 22-month-old group, and 5 in the !2-year-old group. The number of mice stratified according to sex in each age group was as follows: 6 months: Female, 4; male, 6; 14 months: Female, 2; male, 9; 18 months: Female, 4; male, 7; 22 months: Female, 0; male, 12; !2 years: Female, 2; male, 3.
Statistical Analysis
A correlation analysis was used to evaluate the MRI index relationship with the histological classification score and to evaluate the relationships between age and Pfirrmann grade, MRI index, and the histological classification score using the Pearson linear correlation coefficient. The strength of the correlation was interpreted as follows: r ¼ 0.20-0.40, low; r ¼ 0.40-0.70, moderate; r ¼ 0.70-0.90, high; and r > 0.90, very high. 32 The Wilcoxon signed rank test was used to analyze comparisons among each disc level, considering individual differences among each mouse. The Steel-Dwass test was used to compare Pfirrmann grade, MRI index, and histological classification score among each age group. The Steel-Dwass test was used for comparisons of the annulus fibrosus (AF) score or NP score of our new histological classification among each age. Similarly, the Steel-Dwass test was used to compare the DHI 31 among each age. A p value of <0.05 was considered to be statistically significant.
RESULTS
Assessment of Notochordal Cells and Associated Changes With Age
Notochordal cells were identified by the following characteristics: They clustered in the center of the NP forming a cordlike structure and were bound to vacuole-like areas in the non-degenerated NP 33 
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( Fig. 1 , NP score 0). In degenerated NPs, notochordal cells scattered to the peripheral region of the NP; however, the cells were still bound to vacuole-like areas ( Fig. 1 , NP score 3). Cells in further degenerated tissue were not bound to vacuole-like areas and had larger round-shape cytoplasm, which were similar to chondrocytes of the endplate (Fig. 1 , NP score 4 to 5).
In the non-degenerated IVDs of mice in the 6-month-old group, notochordal cells clustered in the center of the NP were surrounded by a gel-like extracellular matrix (Fig. 1 , NP score 0). Along with the age-related spontaneous change in the IVD, the NP matrix became condensed, and the red stain in safranin O staining increased (Fig. 1 , NP score 1 to 2). In further degeneration, notochordal cells existed in the center of the NP and were scattered in the whole NP matrix, which was severely condensed (Fig. 1, NP  score 3 ). Subsequently, degeneration was replaced by fibrous cartilaginous tissue (Fig. 1 , NP score 4 to 5). Chondrocytes were seen within the replaced fibrous cartilaginous tissue, and notochordal cells were not identified (Fig. 1 , NP score 4 to 5).
Comparison of Score Distributions Between the Two Classifications Groups
To investigate whether our previous classification (Puncture model score) 12 and the current modified classification (Age-related model score) could identify the degenerative change in spontaneous age-related IVD in mice, the distribution of the scores was evaluated. As shown in Figure 2a , the Puncture model score 12 showed a floor effect, because it classified the stage of NP condensation as NP score 1, regardless of the severity. Moreover, AF scores in the Puncture model score 12 concentrated on a score of 1 because AF fibers changed to only mildly serpentine. Conversely, in the Age-related model score, the score distribution did not show a floor effect (Fig. 2b) . The Age-related model score could more precisely detect the gradual progression of age-related spontaneous degeneration by classifying the stage of NP condensation into three grades according to the severity. Similarly, by adding the grades of "mildly reversed contour (internally convex)" (AF score 2) and "thickened and central ingrowth or ruptured" (AF score 3) to our Puncture model score, a gradual change in age-related spontaneous degeneration was detected well.
Correlation Analysis Relating MRI Index With Our Age-Related Model Score
We next evaluated MRI index for its correlation with our Age-related model score. A scatterplot of MRI indexes and the scores for all the mice are shown in Figure 3 . In the correlation and simple linear regression analysis, the results yielded r ¼ À0.57, p 0.001, and R 2 ¼ 0.33, showing that the MRI index yielded a moderate correlation, although the linear fit was not so good with our Age-related model score. analysis of 14-month-old to !2-year-old mice, red lines correspond to 18-month-old to !2-year-old mice, and green lines correspond to 22-month-old to !2-year-old mice (Fig. 4) . Similarly, the blue line in the MRI index corresponds to the simple linear regression analysis of 6-month-old to 22-month-old mice, red line corresponds with 6-month-old to 18-month-old mice, and green line corresponds to 6-month-old to 14-month-old mice (Fig. 4) . Inclinations of the lines of each short period were all similar to that of the total period in our Age-related model score, that is, Age-related model score correlated well with age throughout the total period. However, inclinations of the lines of each short period were different compared to those of the total period in the Pfirrmann grade and MRI index, meaning that the MRI findings correlated less with age compared to our Age-related model score.
Correlation Analysis Relating
Disc Level and IVD Degeneration
The Wilcoxon signed rank test was used to analyze comparisons among each disc level, considering individual differences among each mouse. The results are shown in Table S-1. Each age group was separately analyzed for the Pfirrmann grade, MRI index, and Age-related model score; however, we found no consistent result, indicating a significantly high incidence of IVD degeneration in specific disc levels. Thus, there was no consistent correlation between IVD level and current age-related spontaneous degeneration.
Age and IVD Degeneration
As IVD level had no consistent correlation with current age-related spontaneous degeneration, average values of all the lumbar IVDs regarding Pfirrmann grade, MRI index, and our Age-related model score were used to evaluate the total degeneration of a mouse. A representative image and the average value for MRI and histology at each age are shown in Figures 5 and 6 , respectively. Pfirrmann grades for the 14-month-old, 18-month-old, 22-month-old, and !2-year-old groups were significantly higher than that of the 6-month-old group. In addition, the Pfirrmann grade in the 18-month-old group was significantly higher than that in the 14-month-old group, as well (Fig. 5b) . MRI indexes for the 22-month-old and !2-year-old groups were significantly lower than those for the 6-month-old, 14-month-old, and 18-month-old groups (Fig. 5b) . Our Age-related model scores for the 14-month-old, 18-month-old, 22-month-old, and !2-year-old groups were significantly higher than that of the 6-month-old group. In the scatterplot and probability ellipse analysis, the oval indicates 99% confidence ellipse with bivariate normal score distributions.
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In addition, our Age-related model score for the !2-year-old group was significantly higher than that for the 14-month-old group, as well (Fig. 6c) . In addition to the total score, NP and AF scores were separately analyzed. As shown in Figure S-2 , an increase for each score showed similar trends with the total score. No mice had chondrification of the IVD or herniation of the NP in histological assessments at 6 months old; however, among those 14-18 months old, one to two mice had chondrification of the IVD, and one mouse had single herniation of the NP (Table 1 ). In 22-month-old to !2-year-old mice, 75-80% of mice had chondrification of the IVD, and 67-80% of mice had single or multiple herniation of the NP (Table 1 ). The representative histological images of chondrification of the IVD or herniation of the NP are shown in Figure S-3 . Finally, we analyzed the change in DHI 31 with age. The DHIs for the 14-month-old and the 18-month-old groups 
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were significantly lower than that for the 6-month-old group (Fig. S-4 ).
DISCUSSION
We previously developed a new histological classification score for injury-induced IVD degeneration by needle puncture of the mouse lumbar IVD and confirmed that it could precisely detect the gradual progression of degenerative changes. 12 NP in injuryinduced degeneration rarely condensed and chondrocyte-like cells appeared in early stage, followed by replacement with fibrous cartilaginous tissue. In addition, injury-induced degeneration involved rapid change in AF fibers to serpentine morphology.
In this study, we first evaluated the current agerelated spontaneous degeneration with the previously developed histological score. 12 In age-related spontaneous degeneration, condensation of NP appeared in an early stage and progressed slowly, with notochordal cells scattered in the whole NP matrix, followed by replacement with fibrous cartilaginous tissue without the appearance of chondrocyte-like cells. Furthermore, thickening and central ingrowth of AF fibers was seen. Consequently, we modified the histological classification score for injury-induced IVD degeneration to match the age-related spontaneous IVD degeneration.
The modified score classified gradual degenerative changes and correlated moderately with the MRI index. Moreover, the correlation of the score with age was much higher than that of the Pfirrmann grade or MRI index. Compared with our previous injury-induced degeneration model by needle puncture, 12 the present age-related spontaneous degeneration model had a lower correlation with results of the MRI index. The MRI index shows changes in NP structure and water content. 8 The injury-induced IVD degeneration model may show consequent loss of water from NP during the degenerative changes compared with the age-related spontaneous IVD degeneration model. In addition, in an in vivo IVD degeneration model induced by needle puncture, the NP was more degenerated than the AF. 12 Therefore, there may be some pathophysiological differences between injury-induced IVD degeneration and spontaneous age-related IVD degeneration. Further study is needed to investigate the pathophysiological differences between the two types of degeneration. Understanding the pathophysiology of the two degenerations may lead to finding different therapeutic targets for each type of degeneration.
One study reported a strong positive correlation between the IVD level and degree of degeneration in spontaneous IVD degeneration in the alpaca cervical spine. 4 In the current study, no consistent correlation was observed between the IVD level and the degree of degeneration in terms of Pfirrmann grade, MRI index, or our histological classification score. Similarly, Millecamps et al. 22 indicated that degeneration in mice lumbar IVDs were similar among IVD levels, although the number of cases was small and statistical comparison was not performed.
Our results for MRI and histological evaluations showed no significant degenerative changes in lumbar IVDs of 6-month-old mice. However, in the 14-monthold mice, both Pfirrmann grade and histological classification score significantly increased and the DHI significantly decreased, although the degree of degenerative changes was mild. Furthermore, the degree of degeneration reached a moderate to severe condition for 22-month-olds. These results indicated that a follow-up of at least 14 months is mandatory for evaluating spontaneous age-related mouse IVD degeneration.
The sand rat is a well-characterized rodent model of spontaneous disc degeneration. [34] [35] [36] [37] Gruber et al. 34 reported that the degenerative features of IVDs, that is, narrowing, wedging, end-plate calcification, and irregular disc margins on radiographs, were evident by 2 months. In addition, these features were evident in all 19-month-old to 32-month-old sand rats, and L6/ 7 and L7/S were the highest disc level of those incidences. Adler et al. 36 reported that chondrification of the IVDs was seen in 60-78% of sand rats aged 12-30 months old. Similarly, single or multiple herniation of the NP was seen in 56-58% of sand rats of the same age.
Compared with the sand rat, there was no difference in the incidence of degenerative changes among IVD level in mice. Chondrification of the IVDs and single or multiple herniation of the NPs were seen in less than 20% in 18-month-old mice, which increased to nearly 70% in 22-month-old mice. Hence, their incidence rates became equivalent to those of 12-30-month-old sand rats, when mice reached 22 months old. These results also indicate that the mice model represents slowly progressive IVD degeneration compared to the sand rat model. The slowly progressive nature of the mice model is beneficial in the evaluation of IVD degeneration, namely, it is simple to identify degenerative changes without missing a process. The lack of a degenerative effect in relation to the IVD level also has a benefit: It is unnecessary to consider the effect of the IVD level when evaluating IVD degeneration.
It is also significant to compare the age-related spontaneous IVD degeneration in mice with that of humans. Haefeli et al. 38 reported that disc height decreased substantially during the first decade of life. The upper lumbar spine showed no significant changes thereafter, but the disc heights of lower segments further decreased after the age of 47 years. Conversely, in the current study, the disc heights of mice decreased substantially between 6 months and 14 months old, and there were no significant changes thereafter.
Regarding the incidence of disc herniation, the rate was 58.9% in humans aged 7 months to 88 years. 38 Conversely, disc herniation occurred at a rate of 5.7% in the current study. The incidence rate of disc herniation was much lower in mice. The slowly progressive feature of the age-related spontaneous IVD degeneration model in mice was also represented in the late onset of the decrease in disc height and the lower rate of disc herniation.
An alternative to age-related spontaneous IVD degeneration models in mouse may be progeroid mice. However, the data obtained from these models should be carefully translated because no model covers all aging phenotypes, and some models manifest changes that do not reflect the normal aging phenotype. 39 As for a representative model using a progeroid mouse, which has a maximum lifespan of 7 months, the Ercc1 À/D mouse shows premature IVD degenerative characteristics: Loss of IVD height, loss of proteoglycans, reduced matrix proteoglycan synthesis, and enhanced apoptosis and cell senescence. 40 It should be an appropriate model for rapid investigation of IVD aging and evaluation of therapeutic interventions. 40 However, genetic interaction between Ercc1 deficiency and other genes is unknown. Conversely, the agerelated spontaneous IVD degeneration model can be simply evaluated without any consideration of genetic interactions.
CONCLUSION
The present results indicated that mild but significant IVD degeneration occurred in 14-month-old mice, and the degree of degeneration progressed slowly, reaching a moderate to severe condition for 22-month-old mice. At least a 14-month follow-up is mandatory for evaluating spontaneous age-related IVD degeneration in a mouse model. The histological classification score, which was modified from our previous histological score for the needle puncture model of mouse IVD, can 230 OHNISHI ET AL. more precisely detect the gradual progression of agerelated spontaneous IVD degeneration in the mouse lumbar spine, and is appropriate for evaluating it.
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